Objective: The aim of the present study was to characterize the relationships between the thyroid-hormone-dependent changes in Ž .
Ž
. Ž . SR Ca -pump protein decreased in hypothyroid 46 " 6% atria, but remained unchanged in hyperthyroid 110 " 8% atria as compared Ž . with euthyroid atria. Hypothyroidism was associated with increased phospholamban expression 141 " 25% , whereas it was drastically Ž .
2 q downregulated under hyperthyroidism 21 " 4% . The rate of SR Ca -uptake, measured in the presence of the protein kinase A inhibitor, Ž H-89, was higher in hyperthyroid atria and lower in hypothyroid atria than in euthyroid atria 397 " 40, 55 " 6 and 194 " 17 nmol 2q .
2q
Ca rg proteinrmin, respectively . However, the stimulation of SR Ca -uptake by the catalytic subunit of protein kinase A was Ž . Ž . relatively weaker in hyperthyroid 130 " 20% over control level without catalytic subunit and stronger in hypothyroid 640 " 60% than Ž . Ž . Ž . in euthyroid atria 280 " 40% . The rates of inotropic contraction qdTrdt were higher in the hyperthyroid atria 133 " 10 mNrs , but Ž . Ž . lower in hypothyroid atria 15 " 3 mNrs than in their euthyroid counterparts 95 " 13 mNrs . Inversely, hypothyroid atria responded to Ž isoproterenol with much larger increases in contractility 883 " 164% over the control values for the same muscle before addition of . Ž . Ž . isoproterenol and hyperthyroid with smaller increases 25 " 9% than euthyroid preparations 207 " 17% . Conclusions: Thyroid hormones increase the contractility, but decrease the inotropic response to isoproterenol through decreasing the phospholambanrSR Ca
Introduction
It is known that thyroid hormones increase cardiac output by augmenting systolic pressure development Ž . Ž . q dPrdt and fall ydPrdt combined with increased w x venous return 1-3 . The underlying molecular mechanisms have been well characterized in ventricular myocardium. Enhanced systolic pressure development Ž . q dPrdt has been attributed to hypertrophy of cardiomy-) Ž .
Ž . Corresponding author. Tel.: q372 7 465 295; fax: q372 7 465 298; e-mail: enn@ut.ee ocytes and stimulation of the expression of fast myosin Ž . w x isoenzyme type V 2,4 . On the other hand, increased 1 Ž . 2q expression of sarcoplasmic reticulum SR Ca -pump and suppression of its regulator, phospholamban, have been Ž . related to an enhanced rate of relaxation ydPrdt and a w x decreased lusitropic response to b-adrenergic agonists 5,6 .
The atrial contraction, by increasing the end-diastolic volume of blood, significantly contributes to ventricular w x stroke volume and systolic pressure 7 . This appears from the finding that loss of atrial systole due to atrial fibrilla-tion manifests in a decline in left ventricular end-diastolic w x pressure 7 . In comparison with euthyroid or hypothyroid states, hyperthyroidism is characterized by increased overw x all chamber stiffness due to myocardial hypertrophy 1 . However, the stroke volume is increased and mean atrial w x pressure is unaffected 1 . These findings suggest that the atrial systole must strengthen in order to sustain the increased stroke volume despite the increased chamber stiffness. However, in contrast to ventricles, the pathophysiological changes and underlying molecular mechanisms in atria with altered thyroid state have been insufficiently studied. In particular, the effects of thyroid hormones on atrial SR Ca 2q -pumping function, as well as the mechanisms of regulation of the SR Ca 2q -pump by catecholamines, have not yet been assessed. Therefore, the aim of the current study was to estimate the effects of hypothyroidism and hyperthyroidism on oxalate-supported Ca 2q -uptake in the presence and absence of protein kinase Ž .
q
A PKA and the levels of SR Ca -pump and phopholamban proteins in rat atria. It is known that, in contrast to ventricles, the expression of myosin isoforms is almost w x insensitive to thyroid hormones in atria 8-10 . This allows elimination of interference of the changes in the myosin isoenzyme profile and thus specifically outline the role of altered SR function in governing contractility under varied thyroid states. Therefore, the effects of the thyroid state on basal contractile parameters and on the inotropic and Ž . lusitropic effects of isoproterenol ISO were assessed in relation to changes in expression of SR proteins. The results show that thyroid hormones increase the contractility and relaxation, but decrease the inotropic and lusitropic effects of ISO due to a decreased phospholambanrSR Ca 2q -pump ratio in rat atria.
Methods

Animals
White adult Wistar rats of both sexes, originally weighing 180-230 g, were made hypothyroid by adding 0.05% Ž . 6-n-propyl-2-thiouracil Sigma Chemical Co. to their drinking water for 6 weeks. 
Muscle preparation
The rats were anaesthetized with sodium thiopental, the hearts were removed, rinsed and the left atria were dis-Ž . sected in the medium that consisted of in mM : NaCl 120, KCl 5.4, CaCl 0.6, NaH PO 0. of 3-5 mlrmin. The muscles were paced to contract by field-stimulation through two platinum electrodes placed parallel to the long axis of the preparation. The voltage Ž . stimulus ranging from 5 to 15 V was 1.5-fold that of the threshold value, and the duration and frequency of the rectangular pulse were 5 ms and 1 Hz, respectively. The output signals were amplified, recorded and analysed with an on-line personal computer using software ATRIUM, designed in our laboratory, to obtain the indices of isometric contraction.
Contractile studies
During the adaptation period, the muscle preparations were perfused without recirculation and stretched stepwise to the length at which the maximal isometric tension was achieved. After 45 min, the perfusion medium was switched to recirculate, and the muscles were allowed to adapt for another 15 min before 1 mM ISO was added. The contraction parameters were registered prior to and 5 min after ISO addition.
Preparation of atrial homogenates
The rats were anaesthetized with sodium thiopental and the hearts were excised and rinsed rapidly in ice-cold isotonic saline solution. The atria were isolated and weighed. All subsequent procedures were carried out at Ž 48C. Preparations were homogenized 3 = 30 s, 24 000 . Ž . rpm with Ultra-Thurrax Janke and Kunkel, Germany in Ž . 19 volumes of ice-cold buffer containing in mM : sucrose Ž . 250, Tris 20 pH 6.8 , leupeptin 0.01, phenylmethylsulfonyl fluoride 0.1, dithiothreitol 1. The homogenates were Ž . further treated with glass-glass homogenizer 10 strokes .
Oxalate-supported Ca
2 q uptake Ž . The samples of atrial homogenate 30 ml were incubated for 5 min at 308C with constant shaking in the Ž . medium in mM : ATP 2, MgCl 2, KCl 100, NaN 2, filtered through Whatman glass microfibre filters GFrA by using a vacuum pump. Radioactivity associated with Ž the membranes was counted in Optiphase 'HiSafe' 3 Wal-. lac, Finland .
Western blotting
Ž
. The homogenates 100 mg of protein were solubilized for 30 min at room temperature in 1.5% SDS, 62.5 mM Ž . Tris-HCl pH 6.8 , 7.5% glycerol, 3.8% mercaptoethanol, 0.0005% pyronin, 0.04% bromophenol blue, and proteins were separated by electrophoresis in SDS-polyacrylamide Ž gels total monomer concentration 7.6%, crosslinking . monomer concentration 2.67% . The standard Laemmli w x protocol 11 was modified by including 4 M urea in the gels. Proteins were transferred to nitrocellulose membrane Ž . BA 85 Schleicher and Schuell, Dassel, Germany for 1.1 h at a constant voltage of 100 V at 48C using a Minitrans-Ž . blot cell Bio-Rad Laboratories, Richmond, CA as dew x scribed earlier 12 . This membrane was cut into two parts. Both parts were blocked for 1.5 h at room temperature in Ž . w Tris-buffered saline containing Tween TBS-T 10 mM Ž . x Tris-HCl pH 7.4 , 150 mM NaCl, 0.05% Tween 20 with 3% ovalbumin. Three subsequent washes of 10 min, each in TBS-T, were performed prior to the addition of antibod-Ž .
2 q ies. Membranes upper part for detecting the SR Capump were first incubated with rabbit anti-SERCA2a anti-Ž . serum dilution 1:5000 for 1.5 h at room temperature in w Ž . detergent-free TBS 50 mM Tris-HCl pH 7.4 , 120 mM x NaCl containing 1% bovine serum albumin and 0.04% NaN . They were then washed twice for 10 min in TBS-T 3 followed by 5 min in TBS-T with 3% ovalbumin and finally twice for 5 min in TBS. The membranes were incubated for 1 h with goat anti-rabbit IgG-horseradish Ž peroxidase conjugate 1:4000 in TBS with 0.1% ovalbu-. min and washed twice for 10 min in TBS-T and TBS, Ž . respectively. Membranes lower part of the blot for phospholamban were treated by the same procedures. However, Ž a monoclonal mouse anti-phospholamban antibody 0. 4 . mgrml and anti-mouse IgG-horseradish peroxidase conjugate were used as the primary and secondary antibodies, respectively. Immunoreactive SERCA2a and phospholamban were visualized using an enhanced chemolumines-Ž . cence analysis kit ECL; Amersham, Little Chalfont, UK and Kodak X-OMAT AR X-ray film. Exposure time was 1 min. The optical density of the immunoreactive bands was quantitated after densitometric scanning using a PDI scan-Ž . ner Model DNA 35; PDI, Huntington Station, NY . Dis-Ž . tinct amounts of protein 1-10 mgrlane were used to check the linearity between the amount of protein applied and the intensity of the optical signal. The value of that parameter was considered to reflect the relative amounts of SERCA2a and phospholamban. Protein concentration was w x determined by the method of Lowry 13 using ovalbumin as a standard.
Statistical analysis
Data are presented as mean " s.e.m. Statistical significance was reached when P -0.05. Linear regression analysis was performed to determine the relationships between the contraction and relaxation rates and between the contraction parameters and phospholambanrSR Ca 2q -pump ratio. The protein expression, SR Ca 2q -uptake and contractile parameters of atria from different groups were compared using one-way ANOVA.
Results
Effect of ISO on contraction parameters of rat atria
In this study, care was taken to minimize the influence of endogenous catecholamines on atrial contractile indices. Therefore, throughout the first 45 min of the adaptation period, the atria were perfused without recirculation of the medium. Under these conditions, the decrease in developed tension was observed which was considered to indicate the washout of catecholamines from the atrial preparations. By the end of the 45 min period, all muscles reached a stable plateau phase. Thereafter, the medium was switched to recirculate, and the atria were left to contract Ž . for the rest of the adaptation period 15 min before the basal contractile indices were recorded. Table 1 shows that, in comparison with the euthyroid state, hypothyroidism was associated with decreases in Ž . Ž . atrial contractility qdTrdt , relaxation ydTrdt , and Ž . developed tension DT , whereas hyperthyroidism increased these parameters. Consequently, a shift from hypothyroid to hyperthyroid state was accompanied by a 9-fold and parallel increase in both contractility and relax-Ž . ation Fig. 1, Table 1 . Fig. 2 shows the original recordings from atrial preparations before and after administration of ISO at a concentration of 1 mM. This concentration was chosen because it was the lowest one which caused a maximal response in Ž . hypothyroid group data not shown . The data collected show that the effect of ISO on contractility was signifi-Ž cantly higher in hypothyroid atria 883 " 164% over the . control value for the same muscle before addition of ISO Ž . and lower in hyperthyroid atria 25 " 9% than in euthy-Ž . roid ones 207 " 17% . Likewise, relaxation increased Ž . more in hypothyroid 798 " 132% than in hyperthyroid Ž . atria 21 " 9% in comparison with euthyroid preparations Ž . 188 " 10% . Thus, thyroid hormones, although accelerating atrial contractility and relaxation, decreased the responses of those parameters to ISO. conditions of these experiments see Section 2 , Ca -uptake is restricted to SR, and therefore can be considered as 2q w x the intrinsic SR Ca -uptake 14 . In the presence of H-89 which blocks endogenous PKA, the Ca 2q -uptake rates were higher in hyperthyroid and lower in hypothyroid atria Ž . than in euthyroid preparations Table 2 . This fairly corresponds to thyroid-state-dependent changes in contractility Ž . and relaxation Table 1 , Fig. 1 . Preincubation of atrial homogenates with 14.4 mgrml catalytic subunit of PKA Ž . the maximal effective concentration led to increased rates of oxalate-supported Ca 2q -uptake in all groups. However, compared to the euthyroid group, stimulation was rela- tively stronger in hypothyroid and weaker in hyperthyroid Ž . atria Table 2 , which corresponds to the effects of ISO on Ž . the contractile parameters Table 1 , Fig. 2 . 
Oxalate-supported SR Ca
ImmunoreactiÕe protein leÕels of phospholamban and SR Ca 2 q -pump
To assess whether the thyroid hormone-dependent changes in SR function could be due to alterations in expression of SR Ca 2q -pump and phospholamban in atria, the relative amounts of these proteins were determined by quantitative immunoblotting. In comparison with euthyroid atria, the expression of SR Ca 2q -pump protein was suppressed, but expression of phospholamban increased in Ž . hypothyroid group Fig. 3 . In contrast, hyperthyroid atria showed a significantly decreased phospholamban expres- -pump ratio decreased 14-fold within a shift from hypothyroid to hyperthyroid state.
Specific actiÕity of SR Ca 2 q -pump
The ratios of the SR Ca 2q -pump activity normalized to the optical density of immunoreactive bands may be considered to be linearly related to the specific activity of the SR Ca 2q -pump. Therefore, these ratios were taken to index the specific SR Ca 2q -pumping activity under different thyroid states. Fig. 4 suggests that in the presence of H-89 the specific activity of the Ca 2q -pump increased in the direction from hypothyroid to hyperthyroid. However, this parameter was not different between all the groups studied in the presence of PKA.
Relationship between contraction parameters and the phospholambanr SR Ca 2 q
-pump ratio Fig. 5A shows that in response to a shift from hypothyroid to hyperthyroid state, the decreases in relative phospholambanrSR Ca 2q -pump ratio were accompanied by simultaneous increases in basal contractility and relaxation. At the same time, however, the extent of stimulation of . these parameters by ISO decreased Fig. 5B . Thus, thyroid hormones increased the contractility and relaxation, but suppressed their response to ISO through the common mechanism-by decreasing the phospholambanrSR Ca 2q -pump ratio.
Discussion
This study confirms the results previously presented by w x w x Kiss et al. 6 and Beekman et al. 5 in that the thyroidhormone-dependent alterations in the phospholambanrSR Ca 2q -pump ratio are associated with changes in both basal relaxation and lusitropic response to ISO. However, the present study is the first to demonstrate that thyroid hormones exert control over contractility and its responses to ISO via changes in expression of these SR proteins in rat atria.
Comparisons of the muscles from different species have revealed a tight positive correlation between myosin ATPw x ase activity and contractility 15 . On the other hand, in ventricular myocardium, the shift from the hypothyroid to the hyperthyroid state is associated with activation of expression of V myosin isoenzyme and suppression of V 1 3 w x isoenzyme 8-10 . Based on these findings, it is generally believed that changes in the myosin ATPase isoenzyme profile underlie the increased cardiac contractility under w x thyroid hormones 5,6 . Our results disagree with that theory because, although thyroid hormones did not affect w x myosin expression in atria 8-10 , they caused a 9-fold Ž . increase in atrial qdTrdt Table 1 . Moreover, a reciprocal relationship was observed between the thyroidhormone-dependent changes in qdTrdt and phospholam- show that contractility is governed by the same mechanism as relaxation: that is, through changes in SR Ca 2q pump function which, in turn, is controlled by the inhibitory Ž . influence of phospholamban Fig. 4 . It appears that thyroid hormones modulate that mechanism by increasing the expression of the SR Ca 2q -pump and suppressing the Ž . expression of phospholamban Fig. 3 . These changes result in faster accumulation of Ca 2q , which possibly increases the extent of SR filling. In turn, the latter can provide more Ca 2q for release and, hence, increase contractility. Obviously, this mechanism of thyroid hormones action may play an important role in regulating ventricular contractility as well. Fig. 2 shows that perfusion of hypothyroid atria with ISO led to almost a 10-fold enhancement of contractility and relaxation. Compared to hypothyroid atria, the effect of ISO was less expressed in euthyroid ones, whereas it was either minute or even lacking in hyperthyroid atria. It is known that the number of b-adrenoreceptors and sensitivity to ISO increase in the sequence hypothyroidw x euthyroid-hyperthyroid atria 16,17 . Furthermore, hypothyroid atria express less G protein than hyperthyroid s w x ones 18 . These facts rule out the possibility that the observed large response of hypothyroid atria to ISO could be due to increased stimulation of adenylate cyclase. Most likely the thyroid-hormone-dependent alterations in inotropic response to ISO are based on changes in expresw x sion of phospholamban 5,6 . This is supported by the finding that the increased response of hypothyroid atria to Ž . ISO Fig. 2 was associated with a larger stimulation of 2q Ž . oxalate-supported Ca -uptake by PKA Table 2 and with   2q Ž an increased phospholambanrSR Ca -pump ratio Fig. . 3 , while the decreased response of hyperthyroid atria was associated with opposite changes. Thus, due to the higher phospholamban content, in hypothyroid atria SR function was more upregulated by ISO-dependent phosphorylation of phospholamban than in hyperthyroid atria. As a result, the ISO effects on contractility and relaxation also became higher in hypothyroid atria. Hypothyroidism is associated w x with decreased activity of cAMP-phosphodiesterase 19 . A lower rate of cAMP breakdown may favor cAMP accumulation in close proximity to SR and thereby also promote the phosphorylation of phospholamban, and hence contractility by ISO in hypothyroid atria.
Comparison of the present results with earlier observaw x tions 6 points to important differences between atria and ventricles. Table 1 and Fig. 5 show that hyperthyroid atria exhibited 9 times higher values of qdTrdt, and 14-fold lower phospholambanrSR Ca 2q -pump ratios than hypothyroid atria. These thyroid-state-dependent changes are w x 3-4 times larger than those observed in rat ventricles 6 . According to Fig. 3 , hyperthyroid atria possess 2.4 times more SR Ca 2q -pump protein than hypothyroid atria. An equivalent difference in that protein has been found bew x tween hypothyroid and hyperthyroid ventricles 6 . How-Ž . ever, phospholamban decreased 6.7 times in atria Fig. 3 , w x but only 1.8 times in ventricles 6 under the shift from hypothyroidism to hyperthyroidism. Thus, atrial phospholamban is downregulated more than its ventricular counterpart by thyroid hormones, which explains the large differences observed between changes in the phospholambanrSR Ca 2q -pump ratio in these two types of myocardium. Possibly, these differences are essential for cardiac Ž . adaptation to the hyperthyroid state thyrotoxicosis characterized by volume overload, myocardial hypertrophy, w x and tachycardia 1-3 . In these conditions, almost total downregulation of phospholamban results in near-maximal activation of the SR Ca 2q -pump in atria, which by increasing atrial contractility ensures efficient ventricular filling despite a shortened duration of diastole.
In conclusion, our results indicate that thyroid hormones increase the contractility, but decrease the inotropic effect of ISO by suppressing the phospholambanrSR Ca 2q -pump ratio in rat atria. 
